Introduction
A daily intake of at least five servings of fruit and vegetables, recommended as a part of a healthy diet, (1) is associated with prolonged life (2) and reduced risk of type 2 diabetes, (3) cancer, (4) (5) (6) (7) and cardiovascular disease. (7, 8) By reducing oxidative stress and inflammation processes or diet-induced metabolic acidosis, (9) fruit and vegetable intake may also influence age-related bone loss (10) and sarcopenia, (11) important determinants of fracture risk. (12, 13) Historically, calcium and vitamin D are the nutrients mainly considered for use in prevention of fractures, (14) but other nutrients abundant in fruit and vegetables (e.g. magnesium and potassium, (15, 16) α-tocopherol, (17) vitamin K (18) , and vitamin C (19) ) are also associated with fracture risk. However, recommendations for separate nutrient intakes are difficult to convey to the general public (20) and dietary guidelines tend to focus on whole foods. (1, 21) Higher fruit and vegetable intakes are associated with higher BMD in cross-sectional studies (22) (23) (24) and with lower longitudinal BMD loss in men (23) and in premenopausal women. (25) In Chinese populations, case control studies have demonstrated associations between fruit and vegetable intake and forearm fracture among postmenopausal women (26) and hip fractures among elderly men and women, (27) and in a cohort study, the risk of hip fracture was lower with high intake of vegetables among men only. (28) Adherence to a Mediterranean diet rich in fruit and vegetables was associated with lower risk of hip fracture in one recent cohort study, (29) and with higher risk of hip fracture in another, (30) whereas adherence to other a priori defined food patterns have shown inconclusive results regarding bone health. (31) (32) (33) (34) (35) Studies using a posteriori defined food patterns identifying patterns characterized by high intake of fruit and vegetables, often in combination with high intake of grains and low intake of meat, showed associations with higher BMD, (36, 37) lower level of bone resorption, (36) and lower risk of fracture, (32, 38, 39) although one small study found an increased risk of fracture. (40) However, it
is not clear which of the foods in these dietary patterns mediate the association. Thus, the role of fruit and vegetable intake on hip fracture risk is unclear and studies with fracture as outcome are scarce, especially in Western populations.
In the current study, we aim to specifically investigate potential non-linear relations between fruit and vegetable intake and risk of incident hip fracture in a large population-based cohort study of Swedish men and women. We use the recommended five servings per day as a reference to see whether these are valid also for maintenance of bone health, as measured by hip fracture.
Methods
The study population included 75,591 participants from the population- missing data on all items regarding fruit and vegetable intake or an unlikely high value (>20 servings/day) of fruit and vegetable consumption (n=176); and those with implausible value for total energy intake (≥3 SDs below (n=204) or above (n=85) the log-transformed mean energy intake. Exclusion of outliers for energy intake, in addition to adjustment for total energy intake in the statistical analyses compensates for overall under-or over-reporting of dietary intake. (41) After these exclusions, a total of 75,591 participants (40,644 men and 34,947 women) were included in the analyses.
The study was approved by the Regional Research Ethics Board at Karolinska Institutet and all participants gave their informed consent.
Exposure
The usual dietary intake over the previous year was assessed by a valid and reproducible 96-item food-frequency questionnaire (FFQ) in 1997. (42) (43) (44) Participants were asked to indicate how often, on average, in the previous year they had consumed each food. There were eight possible frequency categories in increasing order from zero times/month to ≥3 times/day. FFQ responses were converted to average daily intake based on age and sex specific portion sizes. 1992) . Missing values for an individual item were interpreted as no intake of that particular food. (45) The small fraction of missing data reported on single items, which were regarded as zero consumption, is unlikely to represent a bias for the observed findings. (45) In accordance with national dietary guidelines, (21) only one glass of juice (fresh or from concentrate) was included in the daily intake, independent of the amount ingested. Intake of fruit and vegetables was assessed as separate exposures in sensitivity analyses.
Outcome
Information on the outcome, first incident hip fracture (International Classification of Diseases (ICD)-10 codes S720, S721, or S722) occurring between 1 January 1998 and 31
December 2010, was retrieved from the National Patient Register by individual linkage using the personal identification number. This register is valid for identification of hip fractures (46) (47) (48) and covers all in-patient care in Sweden since 1987. Incident hip fractures were distinguished from readmissions of previous hip fractures by a valid method.
Covariates
Information on prevalent diseases, height and weight, use of supplements or medications, smoking and physical activity habits, educational level and marital status was obtained from questionnaires. Those who were married or cohabitating were categorized as not living alone and those who were unmarried, divorced or widows/widowers were categorized as living alone. Educational level (categorized as primary school, high school, university) was used as a marker of socio-economic status.
Statistical analyses
We assessed fruit and vegetable intake as a continuous variable and categorized as ≤1, >1 to ≤3, >3 to ≤5, >5 to ≤7, and > 7 servings/day. These a priori determined categories were chosen to both reflect extreme intakes and to be reasonably large. For the continuous analysis we used 5 servings of fruit and vegetables/day as reference, and for the categorical analysis, >3 to ≤5 servings/day was used as reference, reflecting national dietary guidelines. (21) Characteristics of the study population except age and sex were directly standardized to the age distribution of the entire study population. Cox's proportional hazards regression models were used for assessing the association between exposure and outcome (hip fracture). Time at risk was calculated from 1 January 1998 until date of hip fracture, date of death or end of follow-up (31 December 2010), whichever occurred first. The proportional hazards assumption was verified by testing for a nonzero slope when Schoenfeld's residuals were regressed against survival time; no evidence of departure from the assumption was found. The continuous exposure was flexibly modeled using right-restricted cubic splines with 3 knots placed at the 25 th , 75 th , and 90 th percentiles of the distribution (3, 6, and 9 servings/day) and using 5 servings/day as reference point. (50) The shape of the dose-response relation was fairly insensitive to the number and the location of the knots. (51) Linearity of the doseresponse was evaluated by testing the null hypothesis that the coefficients of the unrestricted spline transformations are jointly equal to zero. (50) The spline method was also used in sensitivity analysis for evaluation of fruit and vegetable consumption as separate, but mutually adjusted, exposures using 3 servings per day as reference.
To avoid loss of efficiency and to limit the introduction of bias by restricting the analysis to individuals with complete data alone, missing data on covariates were imputed using a multiple imputation technique (52) (Stata's mi package). We used 20 imputations to reduce sampling error. The proportion of missing data was 8.8% (n=6,668) for physical activity, 5.6% (n=4,239) for height, 1.7% (n=1,281) for smoking, and all other variables were missing in 0.6% or less. Complete case analysis including the 63,293 men and women without missing data was performed as sensitivity analysis.
The potential interaction of fruit and vegetable consumption with sex was tested using the Wald test and sensitivity analyses were performed stratified by sex. Among women, we could also adjust for ever hormone replacement therapy use (yes, no).
We examined the potential explanatory role of several variables in sensitivity analyses, including energy-adjusted dietary intake of protein, non-recommended food intake (53) and previous fracture (occurring before baseline), dietary intake of α-tocopherol, and nutrients associated with dietary acidic and base load (energy adjusted intakes of phosphorous, potassium and magnesium). The dietary acid load was further examined by calculation of net endogenous non-carbonic acid production (NEAP). (54) Potential interactions of fruit and vegetable intake with BMI, potassium, magnesium, and calcium were tested using the Wald test. To investigate the influence of potential misclassification bias caused by possible overreporting of fruit and vegetable intake among overweight and obese individuals, we performed a sensitivity analysis among subjects with BMI<25 kg/m 2 .
P<0.05 was considered as statistically significant and all tests were two-tailed. All analyses were performed using Stata version 13.1 (Stata Corp., Collage Stn, TX, USA).
Results
Age-adjusted characteristics of our study population are presented in Table 1 . One third of the participants reported an intake of fruit and vegetables of >5 servings/day, one third >3 to ≤5 servings/day, 28% >1 to ≤3 servings/day, and 6% reported ≤1 serving/day. Men and women reporting ≤1 serving of fruit and vegetables/day had lower attained educational level, were less likely to be never smokers and physically active. On the other hand, total energy intake was lower and the dietary intakes of calcium, vitamin D and retinol were higher in this group.
During a mean follow-up time of 14.2 years and at total of 1,037,645 person-years we observed 3,644 hip fractures (2,266, 62%, in women). The mean (SD) age of hip fracture was 80.0 (8.6) years in men and 85.4 (6.9) years in women. We observed an inverse association between fruit and vegetable intake and hip fracture; ≤1 serving/day conferred almost 50% increased rate of fracture compared with 3-5 servings/day ( Table 2 ). The corresponding ageadjusted rate difference during follow-up was 191 cases/100,000 person-years at risk (Table   2 ). Modelling fruit and vegetable intake as a continuous exposure, we found strong evidence of departure from a simple linear-response association (P<0.001; Figure 1 
Discussion
The present cohort study is the first to prospectively investigate the dose-response relation between intake of fruit and vegetables per se and incident hip fracture. We find that a low habitual intake of fruit and vegetables is associated with an increased risk of hip fracture whereas intakes above the recommended five servings per day do not seem to confer an additionally lowered risk. The association was independent of lifestyle factors including smoking and physical activity, related both with dietary habits and fracture risk, and was seen in both men and women.
Previously, the Mediterranean diet score and the alternate Healthy Eating index, both rich in fruit and vegetables, and the fruit/nut and vegetable components of these scores have been associated with lower (29, 32) and higher (30) risk of hip fracture. However, these diet scores are also defined by other food items making it difficult to discern which food group mediates the observed associations. Higher intakes of fruit and vegetables are associated with higher bone mineral density or content in cross-sectional studies (22) (23) (24) and with lower longitudinal BMD loss in men (23) and in premenopausal women. (25) In case-control studies, higher intakes of vegetables were associated with lower risk of forearm fracture (26) and higher risk of fruit, vegetables and fruit and vegetables combined were associated with lower risk of hip fracture. (27) In a recent cohort study based on a Chinese population, a high vegetable intake, but not fruit intake, was associated with lower risk of hip fracture among men only. (28) The decreased risk seemed to be linear over quartiles of vegetable intake. In our study, fruit and vegetable intakes above the recommended five servings/day were not associated with further lowered risk of hip fracture. These discrepant results may be due to different exposure windows where the mean intake of vegetables was approximately 110 grams/day in Chinese population (28) and 190 grams/day in our Swedish population. We cannot exclude cultural differences in choice of fruits and vegetables or methods of cooking and preparation.
Furthermore, the Chinese population was somewhat younger with a mean age of hip fracture of 74 years. The mean age of hip fracture in our study (around 82 years) corresponds to the mean age of hip fracture in the population. At these high ages, lifestyle and environmental factors and not genetic factors are the dominant underlying causes of hip fracture. (55) Thus, our results may not be applicable to fracture events occurring at lower ages. Whether the dose-response association between fruit and vegetable consumption and hip fracture risk is similar in other populations also remains to be determined. We have previously observed a similar dose-response relation with mortality, (2) which was also the conclusion of a metaanalysis, (7) whereas a recent study set in England found that even higher intakes seemed additionally beneficial to lower mortality rates. (56) Homeostatic regulation of micronutrient concentrations contributes to the difficulty of improving nutritional status in a well-nourished and healthy person; (57) a potential explanation to the observations where intakes above the recommended levels do not lead to additional beneficial effects on the risk of disease.
In the present study, approximately 1/3 of the subjects consumed more than the five servings of fruit and vegetables per day. This may seem high but similar results were presented in the Swedish national dietary survey in 1997-98 where the 75 th percentile of fruit and vegetable intake for men and women aged 45 years and above was 508 grams/day. (58) The five servings/day in our study corresponds to approximately 500 grams of fruit and vegetables per day, which is in line with many national dietary guidelines in Sweden and many other countries. (1, 21) The national dietary guidelines in Sweden and in many other countries do not specify the type of fruit or vegetable recommended, although in general terms intake of cruciferous vegetables and pulses are encouraged. (21) Half of the daily intake should consist of vegetables and fruit juice can only contribute to one serving independent of amount consumed, due to its high content of sugar and lower fiber content. (1, 21) Being rich in antioxidants, a high fruit and vegetable intake might counteract the age-related increase in oxidative stress or chronic low grade inflammation that influences both bone health (10, 59) and muscle strength, (11) important determinants of hip fracture risk. (12, 13) The antioxidants α-tocopherol (17) and vitamin C (60) have been associated with hip fracture risk.
Other nutrients abundant in fruit and vegetables, including magnesium, (61) phytoestrogens, (62, 63) flavonoids, (64) lycopenes, (65) and vitamin K (18) may potentially contribute to the association with hip fracture seen in the present study. Potential mechanisms of action include both direct effects on bone or indirect effects via lower oxidative stress and inflammation where osteoblastogenesis is up-regulated and osteoclastogenesis is down-regulated, thus contributing to increased bone mass and strength and lowered risk of fracture. (61, 62, 66) A high fruit and vegetable intake is also associated with a more diverse gut microbiota that can influence absorption of calcium and other minerals and have anti-inflammatory effects. (67) The acidbase balance hypothesis (68) where an acidic diet is thought to increase calcium resorption from bone has recently been disputed as a major mechanism of osteoporosis, (66, (69) (70) (71) (72) although the acid-base balance may still serve as an indicator of the amount of fruit and vegetables consumed. A higher alkaline dietary load, indicating a higher intake of fruit and vegetables, has recently been associated with greater muscle mass. (73) Our findings could not be explained by additional adjustment for phosphorous, potassium, and magnesium (nutrients associated with dietary acidic or base load) or the net endogenous non-carbonic acid production.
Intervention studies indicate, although limited in size and length of follow-up, that it is possible to increase the intake of fruit and vegetables (74, 75) although the effect on bone health by previous studies are inconclusive (75) but other studies are ongoing. (76) Calcium is available to some extent in cruciferous vegetables and randomized intervention studies have shown that supplementation with vitamin D and calcium reduces the risk of hip fracture among institutionalized individuals. (77) Placebo controlled randomized studies providing other nutrients available in fruit and vegetables as supplements have not been conclusive regarding effects on bone health or fracture risk. (62) Reasons for this could be that adding supplements to a non-deficient population may not be efficacious and because the combination of nutrients in fruit and vegetables and their potential interaction may have greater benefit than the individual nutrient alone. (20) 
Strengths and limitations
The main strengths of the present study include its longitudinal design and population-based setting, the large sample size, the large number and valid ascertainment of hip fractures in official registers with virtually no loss to follow-up, and the detailed information on diet collected with a valid and reproducible FFQ. The main limitation of our study was the selfreported nature of the fruit and vegetable consumption with potential misclassification of the exposure but the prospective nature of the study suggests that misclassification errors are likely to be unrelated with the outcome. Biomarkers of fruit and vegetable intake were unfortunately not available allowing verification of our results. The FFQ-based total antioxidant capacity (to which the major contributors are fruit and vegetable intake) has however been reported to be a valid estimate of total antioxidant capacity in plasma in a subgroup of women in our study. (44) Furthermore, the currently available biomarkers fail to capture enough of the variation in long-term fruit and vegetable intake and can therefore not replace methods based on reported food intake. (41) Although we were able to adjust for potential confounders such as education, physical activity and smoking, a high intake of fruit and vegetables may be a marker of a healthier lifestyle not completely captured by the covariates we have included in the multivariable analysis or by the restriction to men and women free of cancer and cardiovascular disease at baseline.
Conclusions
The findings from this cohort study indicate that a habitual fruit and vegetable consumption of less than the recommended five servings/day is associated with progressively higher risk of hip fracture in a dose-response fashion. A higher consumption does not seem to add benefits with regards to hip fracture risk.
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